The textural properties of sulphated ZrO 2 -SiO 2 catalytic supports of different compositions were investigated through N 2 sorption and X-ray diffraction (conventional and SAXS) methods. The materials were synthesised by the sol-gel procedure from a mixture of zirconium(IV) tert-butoxide and tetraethyl orthosilicate. The final products were obtained after drying at 125ºC followed by calcination at 400ºC. The porous structures of the substrates were found to depend on their composition: at low zirconia contents these were formed by slit cavities while at high ZrO 2 concentrations the void structure became open; both cavities and necks were of similar size. In the first case, the pore size distribution function could be obtained from an analysis of the ascending boundary curve of the N 2 isotherm since adsorption occurred on a flat surface. In the second case, a unique pore-size distribution was obtained either from the ascending or descending boundary curves of the N 2 isotherm. A tubular geometry seemed appropriate for the description of the sorption characteristics of these substrates. Primary descending scanning curves traced within the hysteresis loops of samples having high ZrO 2 contents offered further textural information. X-Ray diffraction methods provided compound identification, evidence of phase segregation between ZrO 2 and SiO 2 , and particle and pore-size distributions.
INTRODUCTION
It has long been an important aim to describe the textural properties of an adsorbent in the form of a trustworthy pore-size distribution function (PSDF) that can be inferred from experimental sorption data. This reliable PSDF would embody an intrinsic knowledge of a number of essential pore structural parameters through calculation of its successive statistical moments such as the mean pore size (first moment), the specific surface area (second moment), the porosity (third moment), the permeability (fourth moment), etc. However, analysis of sorption data undertaken by all kinds of approaches such as the classical BJH (Barrett et al. 1951) or the Model-less (Brunauer et al. 1967 ) methods is usually spoiled by cooperative irreversible processes or mechanical effects that lead to a misleading determination of the PSDF.
The textures of the ZrO 2 -SiO 2 catalytic supports prepared for this work were very suitable for illustrating the kind of difficulties most commonly involved during the characterisation of an adsorbent via N 2 sorption. The substrates were also adequate for visualising the available alternative ways by which one can infer a more reliable PSDF from sorption data. In principle, in order to carry out an appropriate textural analysis from a sole knowledge of the adsorption boundary (ABC) and desorption boundary (DBC) curves delimiting the hysteresis loop (HL) of the sorption isotherms of these materials, the substrate should comply with several physical requirements. These conditions are unavoidable in order to perform a reliable and consistent analysis of the porous structure (Salmones et al. 1997) and include mechanical or special aspects such as (i) the necessity of having a rigid sample, i.e. one in which there are no structural changes due to compression, expansion and/or swelling of the porous matrix and (ii) the absence of a tensile strength effect (TSE) on the adsorbate (Everett 1967 ) that involves earlier rupture of the liquid (l)-vapour (v) interface causing a sudden emptying of all remaining liquid-filled pores. The TSE mostly depends on the nature of the adsorptive; for N 2 at -196ºC it takes place at relative vapour pressures (P/P 0 ) in the range 0.40-0.45.
In addition to the above constraints, structural analysis of an adsorbent is complicated by the emergence of percolation phenomena. These processes are usually known as delayed adsorption (Sing 1998; Mayagoitia et al. 1985) and pore blocking (Gregg and Sing 1982) . The first phenomenon arises from the fact that a continuous meniscus has to be formed before the interface can move to the interior of a pore cavity, thus allowing the liquid phase to completely invade the void. The second phenomenon arises because of the necessity of having a continuous vapour path from a pore element that is evaporating its condensate to the bulk vapour phase.
If the above phenomena are either absent or relatively small and if one knows the geometries of the menisci that arise during capillary condensation and/or evaporation, then it is possible to determine a confident PSDF for the substrate from a sole knowledge of the boundary sorption curves (ABC and DBC) that delimit the HL of the isotherm.
Some of the specimens to be characterised in this work were cases in which their porous structures could be visualised as rigid collections of alternating pore regions (or pore domains). Each of these regions involved similar sized pores and any one domain was different from any other because of its pore size. This morphology corresponds to type V of Mayagoitia's classification of porous structures (Mayagoitia et al. 1988) . In these kinds of closely correlated porous bodies, condensation or evaporation occur together in all the pore elements pertaining to one specific domain; nevertheless, the conditions required for such phase transitions to take place change from one domain to another. The overall network hysteresis in these types of structuralised samples results from a combination of individual hysteretic domain contributions. These patchwise substrates can be described by an independent pore domain model since each pore region is filled or emptied independently of all others. Under such a situation, Everett's independent domain theory (Everett and Smith 1954; Everett 1967) should be fully applicable for describing any sorption process within the hysteresis loop. Thus, one of the major objectives of the present work was to identify among the whole series of mixed ZrO 2 -SiO 2 substrates those with pores structuralised in a domain-type fashion.
It is also pertinent to mention that ZrO 2 -SiO 2 substrates with low zirconia content depict another kind of porous structure. In this case, the precursor gel network leads to a substrate made up of cavities constrained by flat walls. The pore volume is well-defined and the slits are not too wide. Pore filling occurs gradually with increasing thickness of the adsorbed layer. Although desorption should occur from hemispherical menisci, the TSE surges first and the structure is suddenly emptied at relative pressures in the range 0.40-0.45. Thus an increasing content of ZrO 2 can change the structure of a ZrO 2 -SiO 2 substrate from a slit-like configuration into a type V arrangement.
The advent of the sol-gel synthesis technique (Hench and West 1990) has made it possible to synthesise substrates such as ZrO 2 -SiO 2 characterised by open pore structures as a consequence of the initial structure of both precursors (i.e. loose gel structures obtained from a mixture of alkoxides with different reactivities subjected to adequate thermal treatments) and mixed oxide character.
Combination of these chemical and heat-treatment methods allow a series of rigid substrates with the desired porosities to be obtained and hence provide a varied collection of pore and particle sizes.
In the present work, the sol-gel synthesis and characterisation of several sulphated ZrO 2 -SiO 2 substrates of assorted morphologies were undertaken. XRD and N 2 sorption studies allowed light to be shed on the intricacies of the porous structures of these catalytic supports.
MESOPOROUS ZIRCONIA SUBSTRATES

Properties of ZrO 2 -SiO 2 materials
Several authors have described important physicochemical properties of ZrO 2 -SiO 2 substrates synthesised from mixtures of precursor Zr and Si alkoxides or gels. Such properties have often been derived from sorption measurements made on ZrO 2 -SiO 2 substrates. Some of the most noteworthy observations are as follows:
1. The reactivities of mixed silicon and zirconium alkoxides in water-alcohol solutions are very different from each other. Of especial relevance to this work is the fact that zirconium(IV) tertbutoxide hydrolyses much faster than tetraethyl orthosilicate (TEOS), thus leading to the possibility of an independent ZrO 2 network being formed inside or outside the silica network. Nevertheless, there is evidence that zirconia and silica can also form true solid solutions (Dirken et al. 1995) . 2. Amorphous ZrO 2 -SiO 2 specimens are produced at 550ºC when the ZrO 2 content is ca. 20 wt%.
If observed by electron microscopy, the resulting structure is vitreous and continuous (Miranda Salvado and Fernández Navarro 1990). 3. Transparent glassy materials are obtained at ZrO 2 contents of ca. 20 wt% after heating above 450ºC, this perhaps providing proof of the dissolution of Zr in the SiO 2 network. White, opaque ZrO 2 -SiO 2 specimens are obtained at ZrO 2 concentrations higher or equal to 45 wt% after heating at 550ºC. At this temperature the structure is still predominantly amorphous but includes zirconia crystallites (Miranda Salvado et al. 1988 ). 4. Densification of ZrO 2 -SiO 2 materials commences at ~500ºC through the gradual collapse of the porous structure within or in between the corpuscles. Aggregates transform from fractallike masses into packings of well-grown smooth particles, with a consequent reduction in both the pore volume and specific surface area (Margaça et al. 1997; Navío et al. 1997) . 5. Both the specific surface area and the porosity decrease, in general, with increasing ZrO 2 content in the sample and increasing treatment temperature. From 850ºC onwards the material starts sintering by viscous flow and the surface area becomes rather low (Nogami 1985; Pirard et al. 1997; Wang et al. 1995) .
EXPERIMENTAL
Sample preparation
Several sulphated ZrO 2 -SiO 2 catalytic supports were prepared by acid impregnation with 1 N aqueous H 2 SO 4 of xerogel hydroxides, where m + n = 100 wt% and n 0, 10, 15, 25 or 50 wt% Zr. In turn, the precursor zirconia-silica hydroxides were obtained by sol-gel methods from the cohydrolysis of tetraethoxysilane (TEOS) and zirconium(IV) tert-butoxide. Finally
the SO 4 2-/(ZrO 2 -SiO 2 ) supports were obtained by drying the sulphated hydroxides at 125ºC for 24 h, followed by calcination at 400ºC over 3 h. Salmones et al. (1996) have provided specific details about this synthesis.
For the sake of simplicity, the samples prepared in the present work have been labelled in terms of their zirconia content. Thus, specimen 10% ZrO 2 -90% SiO 2 is simply named as Zr10, sample 15% ZrO 2 -85% SiO 2 as Zr15, etc.
X-Ray diffraction (XRD) studies
Three types of XRD studies were performed on the ZrO 2 -SiO 2 samples. First, conventional diffraction to identify the compounds present in the substrates; second, calculation of the radial distribution function (RDF) to study the first-neighbour order and to establish if the materials were amorphous or microcrystalline; finally, small angle X-ray scattering (SAXS) to determine the particle size.
A Siemens D500 diffractometer was used to obtain the XRD patterns. The X-ray tube anode was of copper and Ka radiation was selected with a diffracted beam monochromator. Identification of compounds was made by comparison with JCPDS (Joint Committee on Powder Diffraction Standards) cards in the conventional manner (Klug and Alexander 1974) .
The RDF(s) were obtained using a molybdenum anode X-ray tube in order to attain the high values required for the angular parameter s (s = 4p/l sin q, where l is the radiation wavelength and q the scattering angle). The atomic radial distributions were determined using the Radiale program as demonstrated by Magini and Cabrini (1972) .
Finally, SAXS studies were performed using a Kratky camera coupled to an X-ray rube fitted with a copper anode. The exposure of the samples was varied between 0.25-0.30 s. Aluminium filters were needed to attenuate the very high intensity obtained for very small values of s. The resulting SAXS curves were recorded with a linear position sensitive detector. Intensities were read in a computer and analysed using the ITP92 program (Glatter 1977 (Glatter , 1980 .
Nitrogen sorption studies
Nitrogen sorption isotherms at -196ºC were measured using an automatic Quantachrome LC-1 volumetric instrument. All samples were degassed at 200ºC for a period of 24 h. The gases required to operate the sorption equipment (N 2 and He) were of UHP quality.
RESULTS AND DISCUSSION
X-Ray diffraction studies
Compound identification Figure 1 depicts the X-ray diffraction patterns for samples Zr10, Zr15, Zr25 and Zr50, with that of a pure 100% SiO 2 sample synthesised under similar experimental conditions being included for comparative purposes. The patterns of samples Zr10 and Zr25 exhibited broad peaks typical of an amorphous silica structure; nevertheless, if the angular region between 27º and 32º (2q) is carefully examined, a tiny diffraction peak was also present in this region. This signal may be identified as corresponding to ZrO 2 (JCPDS card 17-534). The position of the peak was slightly shifted, showing that the crystalline structure was not perfect, i.e. defects or impurities or non-stoichiometry have to be considered. On increasing the Zr content to 25 wt% and 50 wt%, clear ZrO 2 peaks were superimposed on the patterns corresponding to the amorphous compounds. The peaks of ZrO 2 were broad showing that the corresponding crystallite size was small. The shape of the line due to the amorphous component of the composite material appeared to be altered with a second maximum occurring at 2q angles from 45º to 65º. This suggests that the structure of the amorphous material was altered, i.e. a fraction of the zirconium appeared to be incorporated into the SiO 2 lattice on a regular basis, thereby modifying it.
Interatomic distances (RDF)
In order to determine the short-range order of the amorphous samples, the RDF(s) were also calculated. In Figure 2 , the RDF(s) of the ZrO 2 -SiO 2 samples have been compared with that of pure SiO 2 . Although samples Zr10 and Zr25 generated roughly the same curve as that of the silica specimen, the RDF(s) of these low ZrO 2 -containing samples exhibited more and better defined peaks than the RDF of SiO 2 . It therefore appears that the structures of the Zr10 and Zr15 samples could be better defined as atoms occupying more precise positions than in amorphous silica. At long-range order, i.e. for radii larger than 7 Å, the curves of the Zr10 and Zr15 samples were less structured.
Sample Zr25 presents a clearly different short-range order. In its RDF, although the interatomic distances found in silica were still present, several new distances appeared which, as shown by the previously discussed diffraction pattern, were attributed to ZrO 2 crystallites. First-neighbour Zi-O and Zr-O distances were not resolved (i.e. a somewhat shallow peak rather than two sharp peaks were obtained between 1.65 Å and 2 Å, the distances corresponding to Si-O and Zr-O bonds) since the amount of SiO 2 was much larger than the amount of ZrO 2 . However, for larger radii, new peaks were located at 6.2, 7.3, 8.1 and 9.6 Å. These peaks were fairly well resolved and intense, thus indicating that interatomic distances for radii larger than 6 Å corresponded to small ZrO 2 crystallites.
When the ZrO 2 content was 50% (sample Zr50), the first-neighbour distances were resolved with a peak at 2 Å due to the Zr-O distance and close to a first peak of 1.65 Å (attributed to a Si-O bond) being observed. Two peaks at 3.6 Å and 4.1 Å were still found, indicating that this substrate was different from the Zr25 sample.
Particle size (SAXS) determinations
SAXS arises from the presence in the substrate of heterogeneities whose electron densities are different from that of the matrix, e.g. pores in a homogeneous solid or metal particles embedded into a viscous liquid. It was possible to determine the crystallite size distribution from the profiles of the SAXS diffraction peaks (Figure 3 ). Thus, the particle size distribution of silica treated at 400ºC was broad and single-fold, corresponding to the pore-size distribution in the amorphous network. This distribution was broad [ Figure 3 (a)] with the maximum corresponding to a pore radius of ca. 70 Å. On introducing 10 wt% or 15 wt% ZrO 2 into the silica network, the distribution became multimodal [Figures 3(b) -3(c)] with peaks located at radii of 20, 70, 120 and 160 Å. These peaks corresponded to the sizes of the pores as well as to the ZrO 2 heterogeneities. We propose that the introduction of ZrO 2 altered the pore sizes of these samples. Hence, amorphous Zr10 and Zr15 solids were constituted of partially ordered networks whose voids were different from pure silica if Zr atoms were included in them.
As data for samples Zr25 and Zr50 show, increasing the ZrO 2 content led to further small crystallites with radii probably close to 120 Å being formed. The relative size of this peak clearly increased with the ZrO 2 content, and could be correlated with the diffraction patterns obtained when ZrO 2 crystallites were present in both the Zr25 and Zr50 samples. The shapes of the particle and pore-size distributions were quite similar to those for the 25 wt% and 50 wt% ZrO 2 samples.
Nitrogen sorption characterisation
Nitrogen sorption isotherms as measured at -196ºC on the different substrates are plotted in Figures 4 and 5. Each isotherm includes a hysteresis loop (HL) delimited by the ascending boundary (ABC) and descending boundary (DBC) curves. The primary descending scanning curves (PDSC) are also shown in Figure 5 for samples Zr25 and Zr50. Figure 6 shows a comparison between adsorption along the ABC and adsorption as if the surface were flat in all the substrates. Table 1 presents a summary of the most important structural parameters determined by N 2 sorption. Figure 7 corresponds to the deduction of ABC information exclusively from DBC data, as will be explained below. Figures 8 and 9 show the PSDF(s) calculated for each sample, while Figure 10 represents the PSDF obtained from an analysis of a PDSC related to the isotherm of sample Zr50.
According to the appearance of the isotherms, several regimes of pore filling were present in the samples studied. Thus, the Zr10 substrate exhibited a gradual [i.e. no sudden change at any point, see Figure 6 (a)] filling mechanism, the total pore volume being measurable and well-defined since the pore structure appeared to be constituted mainly of mesopores with the pore space constricted. The DBC of the isotherm [ Figure 4 (a)] moved down very slowly at high pressures, thus indicating that pore blocking was taking place. Little evidence of macropores was provided. In contrast, the Zr15 specimen exhibited a transitional structure between that depicted by Zr10 and those arising in samples Zr25 and Zr50. Again the pore volume of this sample was constrained but with the gentle emergence of the first slight evidence (along the ABC) of some sudden capillary condensation taking place in the pores. In turn, the DBC of the isotherm was sloping rather than steep. The high zirconia samples Zr25 and Zr50 exhibited open pore structures (no limiting uptake was reached by the ABC at around the saturation pressure, see Figure 5 ) in which capillary condensation and capillary evaporation occurred. The existence of such an open structure allows the possibility of a rather weak pore-blocking effect (PBE) during the development of N 2 desorption. These samples may be conceived as substrates structuralised in a patch-wise fashion, each patch constituted by pore elements of about the same size with well-defined condensation and evaporation properties that may be appropriately described via a cylindrical pore model.
Particularities of the pore structures arising from the pore-filling characteristics of each sample will now be discussed.
Pore analysis of the Zr50 substrate
The ABC can be calculated from the DBC if the pore system is composed of independent pore domains and also if the geometries of the menisci are known and simple. In addition to these requirements, both the ABC and the DBC should show no abrupt changes in slope which may be caused by cooperative phenomena during pore filling/emptying or by mechanical failure of the condensate through the TSE. To test if the above idea is applicable to the Zr50 system, let us assume that the porous structure of this substrate was made up by an array of independent cylindrical capillaries. In this case, by assuming that condensation along the ABC occurred from the instability of a cylindrical interface while evaporation along the DBC arose from the instability of a hemispherical meniscus, the following relationship may be established: 
where R is the pore radius, t DBC the thickness of the adsorbed film at a pressure (P/P 0 ) DBC where the void has just been emptied of liquid, and t ABC is the thickness of the adsorbed layer at which the cylindrical pore fills with condensate. Figure 7 (c) depicts a plot of the ABC versus P/P 0 resulting from plotting the data arising from The pore volume was determined from the N 2 uptake at P/P 0 = 0.99. the DBC, i.e. plotting the volume of condensate existing at (P/P 0 ) DBC against the abscissa (P/P 0 ) ABC determined from equation (1). A good agreement may be observed between the experimental ABC and the curve calculated from treatment of the DBC data. This fair match suggests two main conclusions: (i) the adsorption/desorption characteristics of sample Zr50 correspond to the existence of cylindrical menisci for condensation and hemispherical interfaces for evaporation and (ii) the pores in this sample constituted quasi-independent domains in which pore hysteresis rather than network hysteresis prevailed. No significant vapour percolation or delayed adsorption was observed. Another prediction which may be advanced on the basis of the same good fit between the experimental and calculated ABC(s) is that an analysis based on cylindrical pore geometry should provide the same pore-size distribution irrespective of being calculated from either the ABC or the DBC. The condition of this sample, viz. exhibiting quasi-independent domain behaviour, justified the application of classical BJH methods of analysis, with a proper examination (i.e. applying proper menisci geometries) bringing about the amalgamation of the ABC and the DBC into a unique PSDF, thereby providing the ultimate proof that an adequate pore structural analysis of the substrate has been achieved. Figure 8(b) shows the pore-size distributions calculated from the ABC and DBC of the isotherm and demonstrates a satisfactory agreement for both the size range and the volumetric contribution of pore sizes. However, there is some evidence (i.e. the highest peak in the DBC distribution) for vapour percolation due to a weak PBE.
A set of PDSC(s) was also determined for this substrate and these curves are shown in Figure  5 (b). From this figure it can be seen that the PDSC(s) with the upper P/P 0 reversal points approached the DBC in a reasonable manner. This fact is indicative of inherent independent domain behaviour (Everett and Smith 1954) . In turn, the lower PDSC(s) reflected condensate distributions in which the PBE was not too strong, with some pores emptying as soon as they were filled since free vapour paths for evaporation to take place were present. Application of equation (1) to the PDSC starting at P/P 0 = 0.9 provided results which well illustrated the different regimes of pore emptying. Figure 9 shows the pore-size distribution resulting from a BJH analysis of this PDSC asssuming hemispherical menisci. This plot provides a magnifying glass through which PBE, TSE and reversible adsorption zones can be identified. The fact that this PDSC could not reproduce the PSDF(s) obtained from the ABC or the DBC with the same accuracy may be partly due to a statistical effect: more pore entities participate during the whole process of the DBC than along any PDSC. Moreover, since a PDSC is very susceptible to local condensate distributions, these could strongly influence the outcome of irreversible processes in each pore domain.
Based on the above information, the following picture of the porous structure of Zr50 emerges. The specimen was composed of domains with rather long oblate cavities which were delimited by a number of like-sized necks; additionally these entrances had diameters of about the same width as the cavity they were surrounding. Necks mostly control the manner in which both capillary condensation and evaporation occur. When necks are filled with liquid their cavities are immediately filled with condensate, and when vapour penetrates into the necks their neighbouring cavities also eliminate their condensate. Such a conformation of the porous network allows pore analysis to be performed on the basis of a tubular model. Sample Zr50 possessed a type V structure in a variety of pore domains with each exhibiting a characteristic size.
Pore analysis of the Zr25 substrate
This sample had a larger surface area and pore volume than the Zr50 substrate even though its sorption behaviour was very similar to that of the latter. Figure 6(c) shows that the onset of capillary condensation occurred at ca. P/P 0 ~ 0.60. In addition, the ABC re-calculated from data obtained from the DBC overlapped the experimental ABC quite well for relative pressures beyond 0.60 [see Figure 7 (b)]. The same general arguments and conclusions reached for the Zr50 specimen appear to be applicable for this sample, principally that the pore structure was predominantly open and conformed to homottatic regions of pores of similar sizes; hence, this adsorbent could still be described in terms of a type V structure. However, the intensities of either the PBE or the TSE were somewhat larger than for sample Zr50 and for this reason the PSDF(s) did not coincide as well as for the former sample [see Figure 8(a) ]. Nevertheless, the curves overlapped over a fairly long range of pore sizes. It would appear that the pore structure retained some of the characteristics of the ancestor gel structure from which it was derived (viz. some narrow entrances to cavities). In addition, the window size was somewhat similar to the cavity size athough a little smaller than in the Zr50 substrate.
PDSC(s) were also determined for sample Zr25 [see Figure 5 (a)]. The main conclusions reached for the Zr50 specimen appeared to prevail once more, the two upper PDSC(s) approximating the DBC quite well and thereby reflecting the predominant quasi-independent nature of the pore domains in sample Zr25.
Pore analysis of the Zr15 substrate
Slight capillary condensation at P/P 0 ~ 0.60 in sample Zr15 began less vigorously than in the cases of the Zr50 and Zr25 samples [see Figure 6 (b)]. The uptake along the ABC converged up to a closure point from which the total pore volume of the sample could be confidently inferred. If the ABC was set up from the DBC according to equation (1), a good fit was still observed from P/P 0 = 0.62 upwards [see Figure 7 (a)]. Also note [Figure 4(b) ] that the DBC isotherm (although not descending as gently as for the Zr50 and Zr25 specimens) was a smooth curve with no sharp slope changes. It is also pertinent to mention that the isotherm of this sample also showed some lowpressure hysteresis (perhaps due to the existence of a few micropores and the intercalation of N 2 molecules within them).
The PSDF of this substrate may be obtained from BJH analysis associated with the data for the ABC (assuming cylindrical interfaces). Figure 9(b) shows the PSDF calculated in this way together with the distribution obtained from the DBC. In this case, the distribution functions did not overlap as well as for samples Zr50 and Zr25. Nevertheless, there was a range of pore sizes (i.e. diameters larger than ~36 Å) where the agreement was very satisfactory. Also note that the pore size range over which the PSDF obtained from the ABC extended was larger than the range corresponding to the PSDF calculated from the DBC. Irreversible phenomena along the ABC were less pronounced than along the DBC for this sample. The peak of the PSDF calculated from the DBC was caused by the TSE.
In this sample, an appreciable proportion of condensate desorption had taken place before the abrupt occurrence of vapour percolation and TSE phenomena. Hence, a limited PBE occurred. This substrate was one in which the pore arrangement was open and accessible to both condensation and evaporation, the pores being on the brink of becoming sufficiently large as to avoid the PBE and the TSE. It can be established that Zr15 corresponded to a transitional network tending towards a type V structure. Nevertheless, it retained some important characteristics of the gel network from which it was derived. During the earlier stages of desorption, some voids (mainly the larger ones) found open vapour paths allowing the evaporation of condensate in an unobstructed fashion. However, this was not the case for the smaller void entities since they were likely to be surrounded by very narrow necks that could cause the emergence of the slight PBE. None the less, the Zr15 specimen was one on the verge of becoming an independent type V pore domain structure.
Pore analysis of the Zr10 substrate
The sorption isotherm of this material resembled a de Boer E-type hysteresis loop (de Boer 1958) . However, there is one important consideration that should not be overlooked, namely that a de Boer E-type hysteresis loop is usually generated by substrates composed of inkbottle pores although other pore shapes can produce the same result. If inkbottle pores are involved, this may cause the ABC of the isotherm to differ markedly from adsorption on a flat surface, since capillary condensation may occur abruptly at some point during the ascending process. However, this was not the case for sample Zr10 where the adsorbate uptake along the ABC occurred as on a flat surface up to P/P 0 = 0.7 [see Figure 6 (a)]. Thereafter the pore volume steadily filled and was measurable since the uptake attained a limiting value instead of pursuing asymptotic behaviour.
Pore emptying along the DBC first followed a gentle sloping fashion before reaching a relative pressure value of 0.47 at which point an abrupt TSE arose [ Figure 4(a) ]. It seems that the wide hysteresis loop observed was either due to a PBE or to the small widths of the pores comprising the material. It should also be mentioned that some low-pressure hysteresis also arose with this sample and this again could be due to the presence of a few micropores which strongly retained N 2 molecules.
The pore structure of the substrate may be thought of as composed of cavities constricted by rather flat surfaces, i.e. a kind of slit-like arrangement. The widths of these slits were not very large and when desorption commenced along the DBC the pores remained filled with condensate over a long pressure interval; the whole structure was then susceptible to a strong TSE. Hence, the best possible information about the real PSDF should be inferred from the ABC rather than from the DBC since intense irreversible phenomena may be associated with the desorption branch of the isotherm. Figure 9(a) shows the PSDF calculated from the ABC in a special manner, similar to that described by Broekhoff and de Boer (1970) . The cavities were assumed as slit-shaped pores which were filled completely when the thickness of the adsorbed layer was half the width of the slit. This procedure can be pursued from P/P 0 = 0.7 onwards, i.e. from the point at which the free pore volume steadily decreased, in order to find the pore sizes. The volumetric contribution of each pore size is given by the decrease of free pore volume that takes place between two consecutive (and close) pressure (thickness) values. For comparative purposes, Figure 9 (a) also includes the BJH distribution calculated from the DBC if cylindrical capillaries are assumed. The contrast between the two curves is marked relative to the good agreement reached for the Zr50 and Zr25 specimens. This was a consequence of the strong irreversible emptying of the Zr10 porous structure, the DBC assigning excessive volume contributions to the reduced interval of pore sizes at which the TSE arose while overestimating the pore width at the same time.
The porous structure of sample Zr10 thus appears to be closer to a slit-like network than to a tubular arrangement. The sizes of the slits were relatively small so that the desorption branch of the isotherm was characterised by an intense TSE. On the other hand, the large zone of relative pressures over which the structure adsorbed as on a flat surface suggests that the pores were constricted within flattened surfaces.
CONCLUSIONS
Porous substrates containing assorted void structures may be synthesised from mixtures of zirconium and silicon alkoxides. XRD analyses of the samples indicated that zirconium can be incorporated into the silica network (to constitute a solid solution) and/or may co-exist as a separated zirconia phase. The extent of this phase separation increased as the amount of Zr atoms present increased. The porous structure of substrates containing low ZrO 2 contents possessed a morphology best described as slit-like pores. On the other hand, for specimens with higher zirconia contents, a constant evolution occurred towards a morphology formed by independent pore domains in which pore hysteresis rather than network hysteresis seemed to prevail. The textural parameters of these high zirconia samples were described quite well by a tubular model. In summary, the inclusion of Zr in these samples appeared to break down the original gel structure into finer pore grains either by reducing the size of the particles with respect to those of pure silica or by promoting cracks (Navio et al. 1997 ) and causing porous grains to stay apart from each other by the inclusion of zirconia crystallites in between.
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